Introduction
============

Lung cancer is a highly prevalent and malignant carcinoma, and with a 5-year survival rate of less than 20%, it is the leading cause of cancer-related mortality worldwide ([@b1-or-40-03-1330]). Recently, a rapid increase in the rate of new cases of lung cancer has been observed in developing countries, in contrast to patterns observed in the developed world. Data from the National Central Cancer Registry of China revealed that lung cancer accounts for the greatest number of cancer-related deaths and exhibits an increasing incidence and mortality trend in China ([@b2-or-40-03-1330]). Non-small cell lung cancer (NSCLC) accounts for approximately 80--85% of lung cancer cases, and displays an aggressive phenotype with almost half of the patients presenting with metastases ([@b3-or-40-03-1330]). Metastasis is the primary contributing factor to NSCLC-related mortality. In theory, early diagnosis through screening and R~0~ resection would effectively prevent metastasis in NSCLC patients. Furthermore, comprehensive evidence has confirmed that early diagnosis of lung cancer through screening is an effective method for reducing mortality ([@b4-or-40-03-1330]). Despite the rapid progress in diagnostic techniques such as imaging, and the identification of cancer biomarkers, the rate of successful detection of NSCLC at an early stage has not improved, and the majority of cases present as locally advanced or metastatic disease at the time of diagnosis ([@b5-or-40-03-1330]). An understanding of the underlying mechanisms involved in NSCLC metastasis, and the identification of specific targets contributing to this process, contributed to the development of therapeutics to inhibit metastasis and improved the response to antitumor therapies and survival outcomes.

The decoding of the lung cancer genome has led to therapeutic targeting of key gene mutations driving cancer initiation and progression, an approach successfully applied to clinical practice and demonstrating a significant response ([@b6-or-40-03-1330],[@b7-or-40-03-1330]). Aside from contributing to genetic mutations, various stromal cells and cellular components from tumor microenvironments also contribute to NSCLC development. Cancer-associated fibroblasts display upregulated glucose-regulated protein 78 expression resulting in promotion of NSCLC cell invasion ([@b8-or-40-03-1330]). Bertolini *et al* ([@b9-or-40-03-1330]) revealed that signals from the tumor microenvironment elicited epithelial-mesenchymal transition (EMT) and promoted expansion of CD133^+^/CXCR4^+^ cancer-initiating cells sustaining lung cancer dissemination. EMT not only drives NSCLC migration and invasion, but also promotes drug resistance ([@b10-or-40-03-1330]). These data suggest that establishing the role of the tumor microenvironment in the promotion of tumor progression would contribute to the development of novel therapies and improve outcomes with current targeted therapies.

In addition to contributing to intrinsic tumor properties, components from the tumor microenvironment also play an important role in tumor development and immune escape. The adipokine adiponectin, which displays anti-inflammatory activity, is amongst a number of abundant components in the tumor microenvironment, and is specifically released by adipocytes ([@b11-or-40-03-1330],[@b12-or-40-03-1330]). Adipose tissue is not only considered as a storage organ, but also as an important endocrine organ that releases various proteins that constitute the tumor microenvironment. Previously data has suggested that adiponectin modulates cell apoptosis and proliferation to limit tumor progression via the heptahelical transmembrane adiponectin receptors 1 (AdipoR1) and 2 (AdipoR2) ([@b13-or-40-03-1330],[@b14-or-40-03-1330]). Other studies have challenged the antitumor role of adiponectin by demonstrating that high adiponectin levels appear to favor tumor metastasis and proliferation through activation of the MAPK and NF-κB pathways ([@b15-or-40-03-1330]). Epidermal growth factor receptor tyrosine kinase inhibitors (EGFR-TKIs) are an effective treatment for NSCLC patients at an advanced stage. Notably, upregulated adiponectin levels were observed in NSCLC patients treated with EGFR-TKIs, suggesting that adiponectin may promote EGFR-TKI resistance ([@b16-or-40-03-1330]). To clarify the effects of adiponectin on migration and invasion in NSCLC and examine the mechanisms involved in this process, NSCLC cell lines were treated with adiponectin. The results of the study confirmed that adiponectin is an important negative regulator of NSCLC migration and invasion through inhibition of the EMT process.

Materials and methods
=====================

### Cell lines, reagents and antibodies

Three human NSCLC cell lines (NCI-H1299, HCC827 and A549) were purchased from the Cell Bank of Type Culture Collection of the Chinese Academy of Sciences, Shanghai Institute of Cell Biology, and were cultured in Dulbecco\'s modified Eagle\'s medium (DMEM; Gibco; Thermo Fisher Scientific, Inc., Waltham, MA, USA) with 10% fetal bovine serum (FBS; Gibco; Thermo Fisher Scientific) and 100 U/ml penicillin and streptomycin in a humidified incubator of 5% CO~2~ at 37°C.

Adiponectin and DAPI were purchased from Sigma-Aldrich (Merck KGaA, Darmstadt, Germany). Antibodies used in the present study included: An EMT antibody kit (cat. no. 9782), β-actin (dilution 1:1,000; cat. nos. 4970 and 3700), goat anti-rabbit HRP (dilution 1:2,000; cat. no. 7074) and goat anti-mouse HRP (dilution 1:2,000; cat. no. 7076) (Cell Signaling Technology, Inc., Beverly, MA, USA), anti-E-cadherin (dilution 1:2,000; cat. no. ab76055) and anti-vimentin (dilution 1:2,000; cat. no. ab92547) (Abcam, Cambridge, MA, USA).

### Small interfering RNA transfection

One hundred thousand NCI-H1299, HCC827 or A549 cells were plated in 6-well plates in 2 ml of culture medium prior to transfection. A total concentration of 50 nM of siRNAs targeting specified genes or a scrambled control were transfected into monolayer cells at 20--30% confluency using Lipofectamine 2000 (Invitrogen; Thermo Fisher Scientific, Inc.) ransfection reagent according to the manufacturer\'s instructions. Transfected cells at 80--90% confluency were harvested for further studies after 48--72 h.

### Cell migration and invasion assays

For the wound healing assay, monolayer NSCLC cells were scratched and cultured with adiponectin or phosphate-buffered saline (PBS). Migrated distances were measured at 0, 24 and 48 h after the scratch for NCI-H1299, HCC827 and A549 cells. For the migration assays, 2×10^5^ NSCLC cells were suspended in 100 µl serum-free medium and added into the upper chamber without a coated membrane. For the invasion assays, 2×10^5^ NSCLC cells in serum-free medium were placed in the upper chamber coated with a Matrigel membrane. In both assays, 500 µl of culture medium with 10% FBS was placed in the lower chamber. Cells were incubated for 24 h. The cells on the upper side of membrane were removed and those on the reverse side of membrane were fixed with 95% methanol for 20 min and then stained with 0.4% crystal violet and counted using an inverted light microscope (Olympus IX71; Olympus Corp., Tokyo, Japan) at ×200 magnification.

### Protein extraction and western blot analysis

Cells were lysed in RIPA buffer supplemented with a protease inhibitor cocktail for 2 h and then centrifuged at 24,100 × g for 10 min at 4°C and supernatants collected. Protein concentrations were assessed using a BCA protein assay kit. A total of 20 µg of protein was loaded into each lane and separated by SDS-PAGE on a 10% gel followed by electrophoretic transfer to a 0.45 µm polyvinylidene fluoride (PVDF) membrane. The membrane was blocked with 5% non-fat milk in Tris-buffered saline comprised of 0.05% Tween-20 (TBST) for 1 h at room temperature. The membrane was washed three times with TBST and incubated with the primary antibodies \[anti-E-cadherin (dilution 1:2,000; cat. no. ab76055) and anti-vimentin (dilution 1:2,000; cat. no. ab92547)\] overnight at 4°C. The membrane was then washing three times in TBST, and incubated with the secondary antibody goat anti-rabbit HRP (dilution 1:2,000; cat. no. 7074) and goat anti-mouse HRP (dilution 1:2,000; cat. no. 7076) for 1 h at room temperature. Visualization was performed using SuperSignal West Pico Chemiluminescent Substrate (Thermo Fisher Scientific, Inc.) and analyzed using Image Lab 5.0 software (Bio-Rad Laboratories, Inc., Hercules, CA, USA).

### Confocal microscopy

Cells treated with adiponectin or controls were washed with PBS and fixed with 4% paraformaldehyde. After blocking with 5% BSA for 30 min at room temperature, the cells were incubated with anti-E-cadherin and anti-vimentin antibodies overnight in the dark at 4°C. After several washes, the corresponding secondary antibodies conjugated to FITC or Cy3 were used to detect primary antibodies after incubation for 2 h at room temperature. The signals were measured with an inverted fluorescence microscope system (Olympus Corp.).

### Statistical analysis

Experimental data were presented as the means ± standard deviations (SD). Statistical analysis was performed using one-way analysis of variance (ANOVA) followed by Tukey\'s post hoc test and Student\'s t-test was conducted for comparison between two groups. All data analysis was performed using SPSS software (version 19.0; IBM Corp., Armonk, NY, USA). A value of P\<0.05 was considered to indicate a statistically significant result.

Results
=======

### Adiponectin inhibits migration and invasion of NSCLC cell lines

To establish whether increased adiponectin levels in the tumor microenvironment would impact the migration of NSCLC cells, a wound healing assay was performed. Compared with the controls, adiponectin-treated cells demonstrated significantly delayed healing of an artificial wound after 24 and 48 h ([Fig. 1A-C](#f1-or-40-03-1330){ref-type="fig"}). Since cell invasion is a crucial step in tumor metastasis, an invasion assay was conducted following adiponectin treatment. As expected, NSCLC cell lines treated with adiponectin presented a significant decrease in invasiveness. In the adiponectin group, the number of cells on the reverse side of the Transwell chamber was less than half of the control group ([Fig. 1D](#f1-or-40-03-1330){ref-type="fig"}).

### Twist knockdown inhibits NSCLC migration and invasion

E-cadherin and vimentin are biomarkers of EMT. Western blot analysis revealed that the basal levels of expression of E-cadherin were high in HCC827 cells, moderate in A549 cells and low in NCI-H1299 cells. Basal levels of vimentin expression were high in NCI-H1299 cells, moderate in HCC827 cells and low in A549 cells ([Fig. 2A](#f2-or-40-03-1330){ref-type="fig"}). These results were further confirmed by confocal microscopy ([Fig. 2B](#f2-or-40-03-1330){ref-type="fig"}). A siRNA targeting Twist was transfected into NSCLC cells lines to reduce EMT, and resulted in significant inhibition of migration ([Fig. 2C-E](#f2-or-40-03-1330){ref-type="fig"}). Furthermore, Twist knockdown inhibited the invasiveness of NSCLC cells compared with the controls ([Fig. 2F-I](#f2-or-40-03-1330){ref-type="fig"}).

### Adiponectin reverses EMT in NSCLC cell lines

To explore whether adiponectin administration alters the EMT process in NSCLC cells lines, we performed western blotting and confocal microscopy assays to analyze EMT marker expression. The results of western blotting revealed that adiponectin administration led to upregulation of E-cadherin and downregulation of vimentin expression in the three NSCLC cell lines ([Fig. 3A-D](#f3-or-40-03-1330){ref-type="fig"}). Consistent with the western blotting results, the changes in EMT marker expression were visually confirmed by confocal microscopy ([Fig. 3E](#f3-or-40-03-1330){ref-type="fig"}). These results revealed that adiponectin can impair NSCLC cell migration and invasion by reversing EMT.

### Twist knockdown eliminates the inhibitory effects of adiponectin on migration and invasion

To further investigate whether reversing EMT is the underlying mechanism involved in the adiponectin-mediated reduction of NSCLC cell migration and invasion, Twist-siRNA-transfected cells were treated with adiponectin. The wound healing assay indicated that Twist knockdown completely eliminated the inhibitory effects of adiponectin on NSCLC cell migration ([Fig. 4A-C](#f4-or-40-03-1330){ref-type="fig"}) and invasion ([Fig. 4D](#f4-or-40-03-1330){ref-type="fig"}). The interaction efficiency of Twist was detected by western blot analysis ([Fig. 4E](#f4-or-40-03-1330){ref-type="fig"}).

### AdipoR1 and AdipoR2 mediate adiponectin function

Previously published studies indicated that the adiponectin receptors AdipoR1 and AdipoR2 and adiponectin are linked to multiple cancer-related signaling pathways including the AMPK and JNK pathways ([@b13-or-40-03-1330]). We determined that cells treated with adiponectin demonstrated markedly increased expression of AdipoR1 and AdipoR2 when compared to the controls ([Fig. 5A-D](#f5-or-40-03-1330){ref-type="fig"}). To explore the role of AdipoR1 and AdipoR2 in adiponectin-mediated regulation of EMT, siRNAs were transfected to knockdown AdipoR1 and AdipoR2 expression, and knockdown efficiency was ascertained by western blotting ([Fig. 5E-H](#f5-or-40-03-1330){ref-type="fig"}). As anticipated, both AdipoR1 or AdipoR2 knockdown eliminated the inhibitory effects of adiponectin on EMT in NSCLC cells ([Fig. 5I-P](#f5-or-40-03-1330){ref-type="fig"}). These results revealed that AdipoR1 and AdipoR2 mediate the adiponectin-associated signaling pathways to regulate EMT.

Discussion
==========

Lung metastasis and metastasis to other organs are the primary cause of NSCLC-related deaths. Accumulating evidence suggests that genetic mutations and components of the tumor microenvironment coordinately promote NSCLC metastasis ([@b8-or-40-03-1330],[@b9-or-40-03-1330]). Furthermore, signals from the tumor microenvironment may increase NSCLC resistance to therapies targeting genetic mutations ([@b10-or-40-03-1330]). Therefore, it is essential to search for novel therapeutic targets and improve outcomes of current therapies to improve the prognosis of patients with NSCLC.

Adiponectin is the most abundant adipokine released by adipose tissues and is considered to be a significant negative regulator of tumor progression, rendering it a promising potential antitumor therapeutic agent ([@b17-or-40-03-1330],[@b18-or-40-03-1330]). Furthermore, previous studies have confirmed that low circulating adiponectin levels are correlated with the initiation and progression of a variety of malignancies, suggesting that plasma adiponectin concentrations may serve as a biomarker for the diagnosis of malignancies ([@b19-or-40-03-1330],[@b20-or-40-03-1330]). Previously published studies have documented that adiponectin administration significantly inhibits tumor cell proliferation and invasion, while increasing apoptosis mainly by mediating the activation of multiple components activating the pAMPK/mTOR pathways ([@b21-or-40-03-1330],[@b22-or-40-03-1330]).

In contrast, other recent studies have presented a contradictory biological role for adiponectin in tumor progression. Landskroner-Eiger *et al* ([@b23-or-40-03-1330]) revealed that adiponectin knockout not only reduced the rate of tumor growth and angiogenesis at early stages, but also promoted tumor progression in advanced malignant stages in the mouse mammary tumor virus (MMTV)-polyoma middle T antigen (PyMT) mammary tumor model. Denzel *et al* ([@b24-or-40-03-1330]) revealed that adiponectin deficiency significantly inhibited tumor vascularization and increased apoptosis and hypoxia, while adiponectin null mice presented more pulmonary metastases. A growing body of evidence explains how adiponectin could exert negative biological effects on cancer. Besides enhancing angiogenesis by increasing ceramidase activity, Holland *et al* ([@b25-or-40-03-1330]) revealed that adiponectin upregulated sphingosine-1-phosphate (S1P) expression, resulting in increased resistance to apoptosis via AdipoR1 and AdipoR2, a mechanism independent of the AMPK pathways. Adiponectin exerts different effects through interactions with other adipokines, such as increasing insulin sensitivity to promote tumor survival or neutralizing leptin to affect cellular behavior. Genetic variations in adipokine genes were revealed to be correlated with various tumors and associated with NSCLC susceptibility and development ([@b26-or-40-03-1330],[@b27-or-40-03-1330]). NSCLC patients exhibited a high proportion of the SNP rs2241766 in the adiponectin structural gene ADIPOQ ([@b28-or-40-03-1330]).

To clarify the effects of adiponectin in NSCLC, we investigated the role of adiponectin on migration and invasion of NSCLC *in vitro*, and determined that adiponectin administration significantly reduced the migration and invasion of NSCLC cells. We used an approach involving western blotting and confocal microscopy to establish that adiponectin administration promoted overexpression of E-cadherin and underexpression of vimentin. In addition, Twist knockdown eliminated the inhibitory effects of adiponectin on NSCLC cell lines. These results revealed that adiponectin inhibited the ability of migration and invasion by reversing EMT in NSCLC.

Notably, *in vivo* studies have confirmed that low adiponectin concentrations are associated with various adverse tumor-related characteristics, but no correlation between adiponectin levels and survival outcomes of patients with malignancy has been revealed to date ([@b29-or-40-03-1330]). Various factors including genetic and inflammatory parameters, hormones, percentage of body fat and body mass index regulate the production and secretion of adiponectin. Patients with advanced NSCLC commonly present with cachexia caused by cancer-related metabolic disturbances and malabsorption, which triggers a chronic systemic inflammatory state ([@b30-or-40-03-1330],[@b31-or-40-03-1330]). Elevated plasma adiponectin levels are considered to result from the response to inflammation, insulin resistance and adipose wastage. These observations indicated that the role of plasma adiponectin concentrations in predicting the prognosis of patients with NSCLC should be further investigated in a large cohort.

AdipoR1 and AdipoR2 are expressed in macrophages, dendritic cells (DCs) and lymphocytes, which suggests that adiponectin modulates tumor development by regulating the immune system. Sun *et al* ([@b32-or-40-03-1330]) revealed that adiponectin deficiencies promoted tumor progression not by regulating tumor cell mitosis, vascularization and apoptosis but by reducing infiltration of macrophages in tumor tissues ([@b32-or-40-03-1330]). It is well established that tumor cells can induce tumor associated macrophages (TAMs) expressing immunosuppressive chemokines and/or cytokines, and that this process is regulated by multiple factors including tumor-specific antigen expression, cytokines and other immune cells. Peng *et al* ([@b33-or-40-03-1330]) revealed that exogenous adiponectin promoted a change from the M2 to M1 phenotype, characterized by upregulated expression of MHC-II, iNOS and TNF-α to reduce the accumulation of TAMs and tumor size. Dendritic cell signals promoting tolerance are crucial for immune escape in cancer. Tan *et al* ([@b34-or-40-03-1330]) revealed that high expression of AdipoR1 and AdipoR2 in cancer cells was sufficient to blunt antitumor immunity by blocking activation of NF-kB in DCs. Furthermore, adiponectin inhibited inflammation by decreasing IL-17 production of CD4^+^ or CD8^+^ T lymphocytes ([@b35-or-40-03-1330]). Collectively, these data demonstrated that adiponectin limited tumor development by inhibiting the activation of tumor-promoting immune cells, although it was not clear whether inhibiting antitumor immune activity similarly contributes to the effects. In the present study, we found that exogenous adiponectin increased the expression of AdipoR1 and AdipoR2, which directly inhibited migration and invasion in NSCLC. This process involved adiponectin-mediated inhibition of EMT, but may also have decreased the immune response to cancer. Adiponectin appears to have an inhibitory effect on both tumor cells and the immune response, rendering it a promising target against NSCLC. The approach for an application to clinical practice requires further investigation.

In conclusion, exogenous adiponectin not only significantly impaired NSCLC cell migration and invasion, but also reversed the EMT process. Further experiments are warranted to demonstrate and explore whether adiponectin has the same effect on NSCLC *in vivo*, to ultimately provide a reference for clinical treatment.
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![The addition of adiponectin significantly delays healing of an artificial wound in NSCLC cells lines as compared to controls. Wound healing in (A) NCI-H1299, (B) HCC827 and (C) A549 cells at 24 and 48 h after wounding. (D) Similar results were obtained in Transwell assays, where adiponectin decreased the number of invading cells. ^\#^P\<0.05 vs. the control (0 h); \*P\<0.05 vs. adiponectin (0 h). n=3 (each experiment).](OR-40-03-1330-g00){#f1-or-40-03-1330}

![Knockdown of Twist inhibits the migration and invasion of NSCLC cells. (A) Western blotting demonstrating that basal levels of E-cadherin expression were high in HCC827, moderate in A549 and low in NCI-H1299 cells while basal levels of vimentin expression were high in NCI-H1299, moderate in HCC827 and low in A549 cells, n=3 (each experiment). (B) Confocal microscopy images confirming the expression levels, n=3 (each experiment). Twist knockdown results in significant inhibition of (C-E) migration \[^\#^P\<0.05 vs. the control (0 h); \*P\<0.05 vs. adiponectin (0 h)\] and (F-I) invasion (\*P\<0.05) compared with the controls, n=3 (each experiment).](OR-40-03-1330-g01){#f2-or-40-03-1330}

![Adiponectin promotes E-cadherin expression and downregulates vimentin expression in NSCLC cells. (A) Western blot analysis demonstrating the expression levels of E-cadherin and vimentin following incubation of cells with adiponectin. (A-D) Exogenous adiponectin promoted overexpression of E-cadherin and underexpression of vimentin in NSCLC cells as revealed by western blotting. GAPDH served as a loading control, \*P\<0.05, n=3 (each experiment). (E) Confocal microscopy images confirming the expression levels of E-cadherin and vimentin, n=3 (each experiment).](OR-40-03-1330-g02){#f3-or-40-03-1330}

![Twist knockdown reverses the inhibitory effects of adiponectin on NSCLC cell migration and invasion. (A-C) Wound healing assays revealed that knockdown of Twist reversed the inhibitory effects of adiponectin on NSCLC cell migration, n=3 (each experiment). (D) Similar effects were observed in the invasions assay, n=3 (each experiment). (E) Twist knockdown efficiency ascertained by western blotting, \*P\<0.05, n=3 (each experiment).](OR-40-03-1330-g03){#f4-or-40-03-1330}

###### 

Adiponectin upregulates AdipoR1 and AdipoR2 expression. (A-D) Expression of AdipoR1 and AdipoR2 is significantly upregulated following adiponectin administration, \*P\<0.05, n=3 (each experiment). (E-H) siRNA knockdown of AdipoR1 and AdipoR2, \*P\<0.05, n=3 (each experiment). Adiponectin upregulates AdipoR1 and AdipoR2 expression. (I-L) AdipoR1 and (M-P) AdipoR2 knockdown reversed the inhibitory effects of adiponectin on EMT, n=3 (each experiment).
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